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ABSTRACT 

Turbulent drag reduction with high molecular weight polymers is examined experimentally using Taylor- 
Couette <TC) flow set-up. The set-up consisted of a rotating inner cylinder and a static outer cylinder with radius ratio 
(q) =0.76 and aspect ratio (T) =10.57. A reaction torque sensor was used to measure the torque acting on the inner 
cylinder. Experiments were conducted on a wide range of Reynolds numbers varying from 50,000 to 280,000 and the 
dimensionless torque (G) was used to scale the torque which compared well with the previous TC studies. For drag 
reduction, four different concentrations i.e. 80, 120, 160 & 200 PPM of polyacrylamide/Drag Reducing Agent (DRA) 
solutions were used. The skin friction coefficient (cj) was used to infer the drag reduction in the experiments. The effect 
of concentration and Re on Drag Reduction was investigated. A maximum drag reduction of 63% was observed for 160 
PPM solution. The TC set up is a suitable configuration for drag reduction testing and is more convenient than channel 
flow set up. The results were found to scale well with the turbulent drag in wall bounded shear flows ( such as 
pipe/channel flow). 
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INTRODUCTION 

Significant amount of power is depleted in pumping the fluids to overcome the pressure drop in pipelines. 
Substantial research has been intensively carried out to decrease this loss by either modifying the pipe inner surface 
or using some additives in the fluid. Reductions in pressure drop, or in other words drag reduction using high 
molecular weight polymers (known as Drag Reducing Agents (DRA)), is well recognized because simply by the 
addition of small concentration of DRAs, drag can be significantly reduced (up to 70%) leading to substantial 
energy savings (Ptasinski et al. 2001). After it was revealed by Toms (1949), this phenomenon has gathered 
enormous attention because of its practical application in pipelines. Virk et al. (1967, 1969) studied the onset of 
polymer drag reduction and demonstrated that there is a critical value of Reynolds number required (i.e. 12000) for 
drag reduction to occur. Drag reduction doesn't take place in laminar flow and the polymer helps in reducing the 
drag only after a certain value of wall shear stress (which is equal to 7 Pa for Polyethylene oxide). 

Since turbulent flow is easily achievable in pipe flow, the majority of the experimental investigations in 
this area are conducted in either channel or pipe flow (Hershey & Zakin 1967; Lumley 1969; White et al. 2004). 
Further, drag reduction in such a setup can be easily inferred from pressure drop at a constant flowrate. However, a 
significant amount of drag reducing agents are required for conducting tests at lab scale; making it an expensive 
process. In order to overcome this limitation, a Taylor Couette (TC) Flow setup has been utilized in this study to 
examine the commercially available polymers for drag reduction and to prove that turbulent Taylor-Couette testing 
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is a convenient and cost effective analogue for pipe flow drag reduction. In addition, high Reynolds number and high wall 
shear stress can be easily accomplished in this setup. 

Taylor-Couette flow is an instability in fluid flow arising in between two differentially rotating concentric 
cylinders. Because of its convenient geometry, it is widely used to study the instability and pattern formulation in 
turbulence at a small scale (Cole 1976; Davey 1962; Lewis & Swinney 1999). It is a closed system and possesses a simple 
geometry permitting a well-defined energy balance. ATC setup can be of three types: a) rotating inner cylinder, b) rotating 
outer cylinder and c) rotating both inner and outer cylinder. 

The following parameters describe a Taylor Couette System: r, is inner cylinder radius, r Q is the outer cylinder 
radius, Q, is inner cylinder angular velocity, Q„ is outer cylinder angular velocity, L is the length of inner cylinder, V is fluid 
kinematic viscosity and p is the fluid density. 


q=r/r 0 ( 1 ) 

Re = (Q t r, (r 0 -r,))/v ( 2 ) 

Re 0 = (Qo r o(r 0 -ri))/v ( 3 ) 

d= r 0 - r, ( 4 ) 

r=Ud ( 5 ) 


Where // is the radius ratio. Re is the inner cylinder Reynolds number, Re 0 is the outer cylinder Reynolds number, 
d is the annular gap and r is the aspect ratio. 

The described set-up was first utilized by Couette (1890) to measure viscosity and consisted of a rotating outer 
cylinder and a static inner cylinder. Two different regimes i.e. laminar and turbulent were studied. A later study was done 
by Taylor (1923) who examined flow in concentric cylinders (inner rotating cylinder) experimentally as well as 
numerically. Critical Reynolds number required to obtain the instability in fluid flow in this system was experimentally 
observed and numerically proven through his work. Wendt (1933) for the first time provided an extra dimension to this 
setup by studying TC flow with two independently rotating cylinders which easily enables the set up to reach highly 
turbulent regime. Torque was measured at different Reynolds number at several radius ratio of the setup. 

Centrifugal instability is the reason for the development of taylor vortices at low Re in this setup (Di Prima and 
Swinney, 1985). With increasing Re, classical regime is obtained in which boundary layers are of laminar type however 
turbulence is developed in the bulk at length scales between the Kolmogorov and the integral scale. Further increasing the 
Re, leads to development of the ultimate turbulent regime in the system which consists of turbulent boundary layers 
(Huisman et al. 2013). Lathrop et al. (1992) observed that behavior of torque in TC flow, at such a large Re, is consistent 
with the turbulent drag in wall bounded shear flows such as turbulent channel/pipe flow. It was postulated that turbulent TC 
flow wall turbulence is similar to Boundary layer wall turbulence. 

Lathrop et al. (1992) considered the core region as an extension of turbulent boundary layers and assumed 
logarithmic boundary layer at the wall. Whereas, Panton (1992) supposed constant angular momentum in the core. Both 
the authors arrived at a similar analytical solution using G and Re. Lathrop et al. (1992) equated Prandtl expression for 
turbulent shear stress with T/( rA ) where T is the Torque and A is the area of cylindrical fluid element at radius r. The final 
expression obtained was 
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Here k is the von- Kdrmdn constant and y,} is the dimensionless distance from the wall stated in Law of the wall. 
Skin friction coefficient ( Cf ) is given by Equation 9, where t w is wall shear stress. 


_ G / _ 2nrgT w/ 


c f ~ /Re 2 ~ 


' pv 2 Re 2 


( 9 ) 


The final expression is obtained as 

-j== Nlog 10 (Re^)+M ( 5 . 10 ) 

Following this, intensive research has been carried out in this region and several areas such as rise of instabilities 
with changing Reynolds number, pattern formation using flow visualization; end wall effects have been explored both 
experimentally as well as numerically (Merbold & Egbers 2012; Poncet et al 2013; Abshagen 1997). Experiments in the 
area of torque scaling at reasonably high Reynolds number have been demonstrated recently where dimensionless torque 
(G= 77 (Lpv )) is used for scaling the torque (Lathrop 1992; Van Gils et al. 2011). 

The TC system has been studied in the past for drag reduction using additives and surface modification. Yi and 
Kim (1997) experimentally studied the stability of TC flow with drag reducing solutions to investigate the effect of 
polymers on high molecular weight polymers. Increase in critical Reynolds number with addition of polymer was 
observed, however, drag reduction was not quantified in this study. Kalashnikov (1998) investigated drag reduction using 
high molecular weight polyethylene oxide as a DRA in rotating outer cylinder geometry and dimensionless representation 
of friction coefficient was achieved. However, the annular gap in the setup was significantly small which leads to high 
shear stress and subsequent shear degradation of polymer in the fluid. Further, the gap between the end plates of outer and 
inner cylinder was similar to annular gap between cylinders, indicating that there was significant contribution of the torque 
coming from end effects or this gap (between the end plates of outer and inner cylinder) which is not relevant for the study. 
In the present study, moderately high annular gap was used, to minimize the shear stress acting on polymer chains. In 
addition, larger gap (> annular gap) between the end plates was provided to make sure that only annular gap generated the 
torque. Koeltzsch et al. (2003) studied drag reduction using surfactants in a TC setup with a rotating outer cylinder 
rheometer and for the first time the effect of changing viscosity with varying shear stress was taken into account. However, 
the highest Re achieved was 30,000 in this study, which doesn’t provide much insight on DR which 
demonstratessignificant results at higher Re. Dutcher & Muller (2009) explored the effect of drag reducing agents on flow 
states in TC system at a wide range of Re 0 and Re,. Eskin (2014) numerically verified the applicability of the TC setup for 
drag reduction characterization and recommended a radius ratio to be less than 0.5 for this purpose. The current 

study utilizes different parameters (;/= 0.76 and F = 10.57) for examining drag reduction which to the best of our 
knowledge have not been tested before. Initial validation tests were conducted with water for dimensionless torque and 
Reynolds number similar to pre-existing studies. Drag reduction at four different DRA concentrations was then explored 
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and compared with literature. 

METHODS 

A TC set-up (Figure 1) with a static outer cylinder and a rotating inner cylinder was designed with the following 
parameters: r,= 6.0325 cm, r 0 = 7.9375 cm, L= 15 cm, //= 0.76, 7 = 7.89, cl= 1.9 cm. There were three major components of 
this system: i) TC Chamber ii) DC Motor and iii) Torque Sensor. 
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Figure 1: a) Schematics of the Taylor- Couette Setup Used in the Current Study, and b) Solidwork 
Model of the Concentric Cylinders of the Setup Connected using Tie Rod 


The main TC Chamber consisted of two concentric cylinders which were fabricated using acrylic thereby 
allowing flow visualization in the annular gap. A 3 cm gap between the end plates of two cylinders was deliberately 
provided in order to minimize the end effects. In case of smaller aspect ratio (< 10), significant end effect can be observed 
due to Ekman circulation (Burin et al., 2006). It arises due to no slip boundary condition at the ends because of which 
pressure forces are not centrifugally balanced leading to fluid movement in the radial direction. Some setups utilize 
intermediary rotating end rings in order to overcome this limitation (Hollerbach & Fournier 2005; Altmeyer et al. 2010). In 
the present setup, a gap (> annular gap) was provided between the end plates of inner and outer cylinder (Figure 1) to 
overpower the end effects. Further, smaller d ensured that effectively annular gap generated all the torque. Double sealed 
stainless steel bearings were used at the top and bottom plate of the outer cylinders. Graphite PTFE seals were selected due 
to their lower coefficient of friction and good wear resistance. A hollow Inner cylinder was fixed to an aluminium shaft and 
the upper portion (Figure 1 b) of the set-up was connected using tie rods. 

A 120V AC, NEMA 34, 1/3 hp speed control DC Motor (Amatek Inc.) was utilized with a speed range from 300- 
3450 RPM. In the current study, a maximum speed of 2100 RPM was used which created a corresponding Reynolds 
number of 283,157. 
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A reaction Torque Sensor (TFF425, Futek Advanced Sensor Technology, Inc.) was used for measuring the torque 
which was connected to the base of motor as shown in Figure 1. The torque sensor had a capacity of 7 N-m with torsional 
stiffness of 501 N-m/rad. It provided a rated output of 2mV/V. The hysteresis of the torque sensor was less than +/- 0.2% of 
the rated output and the system was calibrated by Futek Advanced Sensor Technology, Inc. at 5 different points between 0- 
7 N-m for both the clockwise and the anti-clockwise direction. A maximum system error was found to be 0.02% of rated 
output in the clockwise direction whereas -0.03% of rated output in the anti-clockwise direction. A USB220 kit was used to 
digitize the analog output voltage of the sensor and had a sampling rate of up to 4800 Hz. SENSIT Test and Measurement 
software was used for recording the torque while testing. A thermocouple was installed at the top plate for tracking the 
temperature changes and an optical tachometer was set up on the shaft for recording the angular velocity. 

Initial experiments were conducted with water at eleven different angular velocities ranging from 600 RPM to 
2100 RPM for a Reynolds number span of 8.1 x 10 4 to 2.83 x 10 5 . Torque was measured in the chamber with air only to 
account for friction due to bearings. This measurement was done before and after each test which was found to be constant 
and was subtracted from the final readings taken with liquid. Polyacrylamide (Magnafloc 5250, BASF) was used in the 
experiments as a drag reducing agent (DRA). It is a high molecular weight (10-25 million Dalton) polyacrylamide 
flocculant supplied as a free flowing granular powder. Four different concentrations 80, 120, 160 and 200 PPM were 
employed in this study. DRA solution was prepared by dissolving the polymer in water for 2 hours at 200 rpm using 
magnetic stirrer and a separate solution was used for each measurement. The viscosity of the polymeric (DRA) solutions 
was measured using a Rheometer (Anton Paar, RheolabQC). In order to verify the effect of shear degradation of the 
polymer (due to stirring) on drag reduction, 120 ppm DRA solution was stirred for eight different time periods. 
Degradation of polyacrylamide due to high shear stress has also been reported in the literature (Abdel-Alim et al. 1973) 
and hence a small study was conducted in which solution was examined in the TC chamber for 80 minutes and torque was 
measured at different time periods. Temperature was monitored before and after every reading. Even for the highest speed, 
significant increase in the temperature was not detected and temperature variation was found to be less than +/- 1°C. 

RESULTS AND DISCUSSIONS 

Torque Scaling 

Dimensionless Torque ( G= 7/ (LpV 1 )) was used to scale the torque and was compared with the previous literature 
(Figure 2). Experimental setup utilized in Lewis & Swinney (1999) had a //= 0.724 whereas the current study has a 1 ]= 0.76 
justifying the slight deviation of G. We obtained G = 0.4592*Re' S56K for the present experimental results. Lathrop et al. 
(1992) did the similar scaling ( G~Re a ) and concluded that the exponent increases from 1.66 to 1.87 beyond Re of 1.3 x 10 4 
validating our results. 

Comparing to work of Wendt (1933) who employed four different radius ratio r/ (0.5, 0.68, 0.85 and 0.935); an 
insight on effect of radius ratio on G was shown. G was interpolated for i]=0.76 and was compared vs. Re in Figure 2. G 
observed in the present setup is in well accordance with the past findings validating the torque measurements of the 
system. Figure 3 compares the non-dimensional torque at Re= 100,000 for several values of ij (includes data from other 
studies as well). The Dashed line indicates the theoretical value of G (Wendt 1933) obtained using 

„ 3/2 

G=0 23^-^Re^ (11) 
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Where Re= 100,000. G values observed in this study falls in line with the theoretical value (Equation 5.11) and 
with the previous studies conducted on other radius ratios. 



Figure 2: Experimental Values of Dimensionless Torque ( G ) vs. Reynolds Number 
(Re) obtained in the Present Study in Comparison to Previous Literature 
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Figure 3: Comparison of Dimensionless Torque ( G ) for 
Various Radius Ratios (rj) at Re=100,000 


Comparison with Prandtl-von Karman Law 

As discussed in Introduction, Lathrop et al. (1992) found a similar expression (Equation 10) to Prandtl von 
Karman Law by considering logarithmic velocity profile in the core of turbulent TC flow. Figure 4 compares the cy 
obtained in the current experiments with Relief and a good fit is obtained which is consistent with the above mentioned 
theory. A linear expression is found with N= 1 . 1 045 and M= -1.7141 (Equation 5.10). This value of N in the Equation 7 
yields a value of von Karman constant k = 0.46 which is in reasonable agreement with the accepted value of tc = 0.40. 
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Figure 4: Comparison of Prandtl Von-Kdrman Type Skin 

Friction Law with the Current Experimental Data 

Rheological Properties of the Polymer Solution 

Shear stress of the DRA solution was measured at different strain rate varying from 1-1000 s" 1 and Power law 

du n du -du 11 ^ 

model (r = K — )was used for correlation. Here r is the shear stress. — is the strain rate, K is a constant and K— is the 

dy J dy dy 

effective viscosity (ji) of the solution. For Newtonian fluid n= 1 i.e. viscosity remains constant for various strain rate and for 
Non Newtonian fluid such as pseudo plastics n< 1 i.e. viscosity decreases with increasing strain rate. Following are the 
relations observed for different solution: 


80 PPM i=0.0016— (Newtonian Behavior) 


du 0 - 781 

120 PPM r = 0.0046( — ) (Pseudoplastic -Non Newtonian behavior) 


du 0 - 7748 

160 PPM z = 0.0061( — ) (Pseudoplastic -Non Newtonian behavior) 


du 0 - 707 

200 PPM r = 0.0108( — ) (Pseudoplastic -Non Newtonian behavior) 


Since the shear rate is variable in the annular gap, viscosity of 120 PPM, 160 PPM and 200 PPM solution is not 
constant due to non-Newtonian behavior. Hence effect of varying viscosity needs to be taken into account and the 
following method employed by Koeltzsch et al. (2003) is used. Shear rate for the laminar flow in current geometry is given 
by (iiy is the azimuthal velocity): 


du _ d f u <p\ _ 2fi; rfr% 

dy dr\r) 


( 12 ) 


'Shear rate is highest at the inner cylinder hence further calculation are done at r=r ; . Equating ,„/„and n actua i in 
case of non-Newtonian at inner cylinder 
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Factualv g r ^ r Jjin ~ Fpseudo 2_ r 2 ) 


factual 

fpseudo 
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( rl-r \ ) 


{r 


Srv r ) Jm 


( 13 ) 


( 14 ) 


Using power law model for non-Newtonian viscosity, the following relation is obtained (as described in Koeltzsch 
et al. 2003) 


frs(v)!» = !: 


i-r 




n(l-), 


Vn)^ ( r o ~ r ; 2 ) 


( 15 ) 


factual n(l 7/ ( 16 ) 

fpseudo 1—p 2 

For 120 PPM Factual 0.933 Fpseudo ’ for 160 PPM/r ac ^ ua ^ 0.931 Fpseudo and whereas for 200 PPM Factual 
0.904 Fpseudo- Since viscosity is used in calculating the Re, corrected Re near the inner cylinder will be 6.7% higher. 

A second rheology test was conducted by varying strain rate from 1-1000 s' 1 . Constant viscosity (known as p in f 
according to Carreau Model) was obtained after a strain rate of 800 s" 1 . Since in our study the strain rate is much higher 
than 800 s' 1 , p in f will be used to calculate the Re. Table 1 lists fi m j- and p for various DRA solutions used in this study. 

Table 1: Density and Dynamic Viscosity of DRA Solutions Used in the Study 


DRA 

Density p 

Dynamic Viscosity 

Concentration 

(kg/m 3 ) 

Finf (Pa.s) 

80 PPM 

984.66 

1.28 X 1 0' 3 

120 PPM 

977 

1.34 X 1 0' 3 

160 PPM 

962.66 

1.94 X 1 O' 3 

200 PPM 

958.66 

2.16 X 10' 3 


Drag Reduction using Polymers 

Figure 5 shows the skin friction coefficient (c f ) vs. Re for water (as a reference case) and drag reducing solutions 
at several polymeric concentrations. Only the turbulent regime is shown in the plots where skin friction coefficient of water 
is found to scale well with cfcRe' VA . Virk et al. (1967) witnessed the onset of drag reduction and observed that there is a 
critical value of Re required to realize the DR. When this condition is met, the polymer chains are elongated and 
demonstrate enhanced elongational viscosity (Lumley 1973). This substantial increase in viscosity, combined with the 
interaction of these stretched chains with vortices dampens the turbulence. This onset was observed for 80 PPM DRA 
solution and critical value of Re for this solution was found here to be 70,000. With increasing DRA concentration, there is 
a decrease in this critical value of Re, and since the experiments were not conducted below Re=50,000 (due to setup 
limitation), this onset wasn't observed for other DRA solutions. Furthermore it can be observed from the plot, that all the 
DRA solutions show a smaller value of skin friction coefficient in comparison to water. Similar observations were reported 
by Koeltzsch et al. (2003), for drag reduction using surfactant and by Kalashnikov (1998), for drag reduction using high 
molecular weight polyethylene oxide (2-100 PPM) in a TC Set up. Kalashnikov (1998), similar to the present study, 
observed a threshold value of Re for DR and found it to be related to a transition from inertial to inertial-elastic turbulence. 
It was postulated in their study that a critical value of Weissenberg number (ratio of viscous forces to elastic forces) is 
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required for this transition, which occurs at a threshold wall shear stress (which scales with threshold Re). Once the critical 
value of Weissenberg number is achieved, coil-stretch transition of the polymer chains occurs, which facilitates in 
dampening the turbulent structures (Sreenivasan & White, 2000). Turbulent drag reduction has been observed as a 
boundary layer effect with an increase in the buffer layer thickness, which has been noticed after the drag reduction. Hence, 
an increase in the slope (cj vs Re) after the addition of DRA was observed in the current study, and is in good agreement 
with the literature (Kalashnikov 1998; Sreenivasan & White, 2000; White et ah, 2004). 


□ Water 

ADRA-80 1'l’M 
ODRA- 120 PPM 
ODRA- 160 PPM 
* DRA-200 PPM 




O o 


0 50000 100000 150000 200000 250000 300000 

Re 

Figure 5: Skin Friction Coefficient (c/) vs Reynolds Number (Re) for Water and 
Drag Reducing Solution at Various Polymeric Concentrations 


In order to understand the drag reduction, a different plot (Figure 6) is chosen in which Drag Reduction ( DR % ) is 
expressed by Equation 17, where Cf w is the skin friction coefficient of water and c fs is the skin friction coefficient of DRA 
solution. 

DR% = c f' w ~ c f’ s x 100 ( 17 ) 



Re 


Figure 6: Drag Reduction (%) vs Re for Different Concentrations of DRA Solution 
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Results from Figure 5 were used to obtain the plots in Figure 6. For the 80 PPM DRA solution, it is evident that 
there is an increase in DR% with increasing Re. It is in good agreement with the results reported by Virk et al.(1967). With 
an increase in Re, there is an increase in wall shear stress which improves the stretching of polymer chains, resulting in 
higher DR. Further it can be observed that with an increase in concentration, there is an increase in DR% up to 160 PPM, 
beyond which there is a decrease in drag reduction. This increase in DR with the increase in concentration is due to 
increased interaction of polymers with turbulent structures and is in accordance with the observations of Bewersdorff 
(1982) and, Sa Pereira & Pinho (1994) in pipe flow. A decrease in DR beyond 160 PPM could be attributed to increased 
entanglements of polymer chains amongst themselves, leading to reduced mobility of the polymer chains and is in 
agreement with the observations made by Fernandes et al. (2009). Further, DR% increases slightly with Re for 160 PPM 
solution however it was found to be constant for 120 PPM and 200 PPM solution. These solutions (120PPM, 160 PPM and 
200 PPM) demonstrate the asymptotic value of DR i.e. 47%, 63% and 50% respectively. This is similar to the findings of 
Virk et al. (1967) who also observed a Maximum Drag Reduction (MDR) 

Asymptote, which was independent of pipe size and type of polymer used (Virk & Merrill, 1969). In summary, all 
the observations made in this study were in agreement with the previous studies on pipe and channel flow validating that 
the TC setup is an excellent tool for drag reduction testing. 

Some experiments were conducted for 120 PPM DRA solution at Re= 1.8 X 10 5 for a longer time (80 min) period 
in order to see if the shear rate deteriorated the polymer chains and in turn could affect the DR, however, torque (similarly 
DR) was found to be unchanged with time. 

Since the DRA solution was prepared by mixing the polymer in water using a magnetic stirrer, a brief study was 
conducted to examine the effect of the stirring time of the polymer in water on DR% (for 120 PPM DRA solution) at 
Re= 1.8 X 10 5 . Stirring time was found to have significant effect on DR%. Shorter stirring time (1000s) and longer stirring 
time (100000s) lead to decrease in DR%. 1000s was observed to be insufficient for the polymer to completely dissolve in 
water, whereas 100000s is considerably long for the polymer chains to dissolve leading to deterioration of the polymer 
chains. 

CONCLUSIONS 

Drag reduction in turbulent pipe flow using high molecular weight polymer as additives, known as drag reducing 
agents (DRA), is a well-recognized field and has been an area of extensive research. However, a significant amount of 
polymer is utilized to test the polymers for drag reduction at lab scale, using pipe flow or a channel flow setup. In the 
current study, a Taylor Couette flow apparatus was designed and tested for drag reduction using high molecular weight 
polymers. The setup consisted of a stationary outer cylinder and rotating inner cylinder, where drag (skin friction 
coefficient) was inferred from torque acting on inner cylinder. Initial experiments were conducted with water in which 
torque was scaled using dimensionless torque (G) and Reynolds number (Re). The results obtained were compared with the 
previous literature and were found to be in good agreement. The effect of the changing molecular viscosity of the 
polymeric solution with varying shear rate was discussed. It can cause a difference of 6.7% in the measurement of Re 
across the inner and outer wall. However, beyond particular strain rate, a constant viscosity (Pi n f) of the polymeric solution 
is obtained. In the present study. Re was deliberately chosen to be high enough that it surpassed the strain rate to achieve 
[i irl f and n in f was used to calculate Re. Further, drag reduction was measured for four different concentrations of 
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polymeric/DRA solution. An increase in DR% was observed for increase in concentration and Re. An onset of drag 
reduction was observed for 80 PPM DRA solution at Re= 70,000 and Maximum Drag Reduction (MDR) or the Virk 
asymptote of 63% DR was observed for 160 PPM DRA solution. The effect of stirring time of the polymer solution was 
found to have a profound effect on DR and longer stirring time was found to decrease the DR% (attributed to polymer 
chain breakage). 

In summary, the TC setup is a powerful tool to assess the drag reduction with an important advantage being its 
small geometry. In addition, it is quick to use and requires smaller solution volumes. This provides an excellent platform 
for evaluating a wider range of DRA solutions. 
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